Fusarium graminearum (telomorph Gibberella zeae) causes Fusarium head blight of barley (FHB), wheat and rice and ear rot of maize (Leslie and Summerell, 2006) . In addition to reduced grain yield and quality, infected grains are highly likely contaminated with mycotoxins. F. graminearum species often exist in a complex, producing trichothecene mycotoxins such as deoxynivalenol (DON), nivalenol (NIV), and their acetylated derivatives (Bottalico, 1998) .
The major species most associated with FHB comprise the F. graminearum complex, which is subdivided into at least twelve phylogenetically distinct species (O'Donnell et al., 2008) . Other F. graminearum complexes may be associated with FHB, but only a few species are known to be pathogenic (Bottalico, 1998) . Studies of the population structure of F. graminearum have been performed intensively since 2000 and have focused mainly on lineage characterization and mycotoxin chemotypes (Starkey et al., 2007) . F. graminearum (lineage 7) is the dominant species associated with FHB in the US, Europe, and Brazil, whereas F. asiaticum (lineage 6) is the primary species in Asia (Karugia et al., 2009; O'Donnell et al., 2000 O'Donnell et al., , 2004 Scoz et al., 2009; Ueda et al., 2007; Ward et al., 2008; Yang et al., 2008; Yli-Mattila et al., 2009) . In Korea, the lineage composition of F. graminearum populations from maize and rice have been studied (Lee et al., 2004; Lee et al., 2009) .
Because change in fungal population structure affects disease development, regular monitoring of pathogen populations is essential for disease management. Due to global climate change, which favors fungal growth, many crops, including cereals face an unusual cultivation environment and more fungal infections. Recent and frequent outbreaks of FHB in cereals in Korea could be a consequence. Therefore, the purposes of this work were (1) to investigate the trichothecene chemotypes of F. graminearum from maize and rice sampled in 2009, (2) analyze the lineages of the isolates and genetic diversity of the populations, and (3) determine the geographical distribution of dominant F. graminearum populations in Korean maize and rice.
Materials and Methods
Plant sampling. Grain samples (10 g for rice, 30 g for maize) were collected from 32 rice fields in eight provinces (Gangwon, 4; Gyeonggi, 8; Chungbuk, 2; Chungnam, 4; Gyeongbuk, 2; Gyeongnam, 3; Jeonbuk, 7; Jeonnam, 2) and from 19 maize fields in eastern (Gangwon, 15) and midland (Chungbuk, 4) provinces of Korea in 2009. All samples were dried and stored at 4°C until isolation of the fungi.
Isolation of fungi. A total of 105 seeds from each sample
Mini-Review *Corresponding author.
Phone) +82-31-290-0451, FAX) +82-31-290-0407 E-mail) tessyl1@korea.kr were soaked in 1% sodium hypochlorite for 2 min, rinsed twice in sterile water for 2 min each, placed on potato dextrose agar (PDA; Difco Laboratories, Detroit, MI) plates containing streptomycin (600 µg/ml) and incubated at 25°C. After five days, Fusarium candidates were isolated by transferring the mycelia from PDA or carnation leaf agar. After five to seven days of growth at 25 o C, a spore suspension was prepared in sterilized water and spread on water agar for single spore isolation. To obtain monosporic culture, a single germinated conidium was transferred to PDA. The fungal isolation was maintained on PDA at 4 o C and stored as frozen conidial suspensions in 20% glycerol at −80 o C.
PCR assays. Fungal DNA was isolated from a three-day mycelial culture in complete medium (CM) (Leslie and Summerell, 2006) broth using the CTAB method (Proctor et al., 1995) . The concentration of each DNA sample was adjusted to 20 ng/µl for use in PCR. The primers used in this study were synthesized by the Bioneer oligonucleotide synthesis facility (Daejeon, Korea). A PCR assay with a F. graminearum-specific primer pair (Fg16) was performed as described by Nicholson et al. (1998) . To identify the trichothecene chemotype, PCR was performed using primer pairs derived from TRI13 and TRI7 which are essential for trichothecene biosynthesis as described previously (Kim et al., 2003; Lee et al., 2001; Lee et al., 2002) . Amplification of the partial sequence of the gene encoding elongation factor 1-alpha (TEF1) was performed with the primers TEF-F (5'-ATGGGTAAGGARGACAAGAC-3') and TEF-R (5'-GGARGTACCAGTSATCATGTT-3') using the method described by O'Donnell et al. (1998) . Each TEF1 PCR product was purified using a QIAquick ® PCR Purification Kit (QIAGEN, Valencia, CA) according to the manufacturer's protocol, and its nucleotide sequence determined (Macrogen Inc., Seoul, Korea). The TEF1 sequences obtained from the fungal isolates were aligned with those from F. graminearum species complex isolates archived in the FUSARIUM-ID database (http://isolate.fusariumdb.org/ index.php; Geiser et al., 2004) using CLUSTALW (Thompson et al., 1994) .
Phylogenetic analyses. Partial nucletotide sequences of TEF1 (426 bp) were subjected to a phylogenetic analysis using unweighted pair grouping by mathematical average (UPGMA) in the MEGA4 program (Nei and Kumar 2000; Tamura et al., 2007) . Bootstrap analyses were performed with 1,000 replicates to assess the support for subgroups. The data set included TEF1 sequences from the reference strains of each chemotype and lineage. Both Korean strains 88-1 and SCK04 [belonging to the F. graminearum complex lineage 6 (F. asiaticum)] were of the NIV chemotype, while the US strains GZ3639 and PH-1 (F. graminearum lineage 7) were of the DON chemotype. In addition, previously published strains were included: lineage 2 (F. meridionale 29010 and 28721), lineage 3 (F. boothii 29011 and 29105), lineage 6 (F. asiaticum 13818 and 28720), and lineage 7 (F. graminearum 5883 and 28439) (O'Donnell et al., 2000) .
Results
Isolation of Fusarium species from maize and rice. Among the Fusarium isolates collected from 19 maize and 32 rice fields, a total of 324 isolates (266 from rice and 58 from maize) were identified as F. graminearum based on a species-specific diagnostic PCR assay (Table 1) . These isolates were used all for trichothecene chemotyping and a subset of the isolates was used for further study. Other Fusarium species were isolated as well, but they were not identified at the species level.
Trichothecene chemotyping of F. graminearum isolates. PCR with TRI13-and TRI7-specific primers revealed that 47% (27 of 58) of the maize isolates examined and 95% (253 of 266) of the rice isolates were NIV chemotype (Table 1) . In rice, the NIV chemotype was predominant in all provinces tested. However, the DON chemotype was found in the middle and eastern provinces only. In maize, the ratio of DON to NIV chemotypes varied by region; the DON chemotype (66%) was predominant in Gangwon Province, while the NIV chemotype (70%) was predominant in Chungbuk Province (Table 1) .
Phylogenetic analysis and lineage composition. From the 324 putative F. graminearum isolates identified by diagnostic PCR, we analyzed the population structure of 142 (48 
